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Introduction 
Explosive grain-scale simulations are not practical for weapon safety simulations. Indeed for 
nearly ideal explosives with reaction zones of order 500 pm, even reactive flow models are not 
practical for weapon safety simulations. By design, reactive flow models must resolve the 
reaction zone, which implies computational cells with dimension of order 50 pm for such 
explosives. 
The desired result for a simulation in which the reaction zone is not resolved is that the 
explosive behaves as an ideal one. The pressure at the shock front rises to the Chapman-Jouget 
(CJ) pressure with a reaction zone dimension that is like that of a shock propagating in an 
unreactive medium, on the order of a few computational cells. It should propagate with the 
detonation velocity that is determined by the equation of state of the products. In the past, this 
was achieved in one dimensional simulations with ”beta-burn”, a method in which the extent 
of conversion to final product is proportional to the approach of the specific volume in the 
shock front to the specific volume of the CJ state. One drawback with this method is that there 
is a relatively long build-up to steady detonation that is typically 50 to 100 computational cells. 
The need for relatively coarsely zoned simulations in two dimensions lead to “program-burn” 
by which the time to detonation can be determined by a simple ray-tracing algorithm when 
there are no barriers or shadows. Complications arise in two and three dimensions to the 
extent that some calculations of the lighting time in complex geometry can give incorrect 
results. 
We sought to develop a model based on reactive flow that might help the needs of the Weapon 
Safety Simulation milepost. Important features of the model are: 
1. That it be useable with any equation of state description of the explosive product gases 
including both JWL and LEOS table forms. 
2. That it exhibits the desired dependence on zone size. 
We believe that the model described here does exhibit these features. 

Model Description 
In the standard reactive flow model, the parameter h measures the extent of reaction from 0 to 
1. The ignition term has the form 

a = A ( p  - c)“(l -A)’ (1) 
where the excess compression, p, is p/po-l and the superior dot is the time derivative. We will 
ignore the parameter c that provides a minimum excess compression needed to ignite. For our 
application the ignition train in our simulations are assured to result in detonation. The 
growth of reaction and completion of reaction both have the same form 

A =  Gil”(1- d)”” 
where p is the pressure. In our application, the reaction is completed in the shock front, so that 
pressure and excess compression are tightly coupled. As a result, the forms are equivalent for 
us. We choose to use the ignition term. 
That form can be integrated, so that 

1 

where v is (14). At the time z, the value of v is 0, so that we can obtain a formula for A 
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1 
A =  r 

(1 - P > j  Padt’ 
0 

To extract an approximate value of A, we assume that p(t) can be approximated as 

(4) 

y=-t  P C J  

z 
Then 

(1 + a> A =  
(l- p>PZJz 

The value of z is intended to be the time for passage of the detonation wave across a zone, so 
that 

and 

In this case, we have acheved the desired behavior with zone size by introducing the zone size 
in the parameter value, analogously to the way that similar behavior is acheved with the von 
Neumann artificial viscosity. 
We used a simple one-dimensional test calculation to determine appropriate parameters. For 
fixed zone size, we determined suitable parameter values by trial and error. We determined 
that the results were less sensitive to changng value of A when the parameter P takes on small 
values and a is about 2. Changing the value of A at a fixed zone size is equivalent to changng 
the zone size at a fixed value of A. For 1 mm zones the parameter A ranges from 45 to 90 with 
satisfactory results. Evaluating Eq.5 gives a nominal value of 220. Smaller values of A result in 
incomplete conversion in the shock front, and so exhibit larger spike pressures. Larger values 
of A result in a speed up of the reaction front velocity relative to CJ. For three-dimensional 
simulations, the effective zone size depends on the direction of wave propagation relative to 
the mesh. Even for cubes, the long diagonal is 73% longer than an edge. We used a one- 
dimensional test to compare the results of a factor of 2 change in mesh size with a fixed value 
of the parameters (Eq. 1). We illustrate the results for LX 04 using lmm and 2mm zones at a 
location 10-cm from the input (constant pressure) boundary. Details of the model parameters 
are given in Appendix 1. 
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Time, psec 

Figure 1. Pressure history 10 cm from input boundary for lmm and 2mm zone sizes 

Status of tabular equations of state 
Nominal CJ conditions for LX 04 are pressure 0.34 Mbar, detonation speed 0.847 cm/ps. Tables 
constructed with CHEETAH 3.0 result in CJ adiabats that have 8 '/o too much energy relative to 
cylinder tests, detonation speed that is 8.49 km/s, and the calculated CJ pressure is 0.418 M a r .  
Tables constructed with CHEQ had 9% too much energy relative to cylinder tests, with CJ 
pressure -33 m a r ,  and detonation speed 8.3 km/s. Work is in progress to improve the CHEQ 
results relative to experiment, including improvements to the potential for HF and to the role 
of hydrogen bonding. The most recent results from CHEQ give detonation speed 0.84 cm/ps, 
CJ pressure 0.31, and the energy in the cylinder test from 0 to 3% larger than reported. We will 
be constructing a new LEOS table with the new CHEQ values. The advantage to using an 
LEOS table would be improved accuracy to doubly shocked products 

Evaluation of the model 
We can evaluate the model in ALE 3D by comparison to program burn in geometries for 
which they are both appropriate. The first sample problem is a simple 10 cm cube with 
symmetry planes on each face. The mesh size is 0.133 cm, (75 zones each direction for 420,000 
total) The parameter rpx (Appendix 1) takes the value 50 for this mesh size. The detonation is 
initiated by volume-burning a 0.5-cm radius sphere in one corner. We compare the program 
burn results with the new model in Figure 2 at a radius of approximately 8 cm along the x-axis, 
in the plane z=O, and on the main diagonal for program burn and for the new model. The 
ignition volume was insufficient to ignite a beta-burn calculation, which we implemented by 
the use of a very low velocity program burn. The calculations were run to the same time (12 
ps) and took about the same number of cycles (225 for program burn and 280 for the new 
model). The computational time was significantly different. The program burn model took 
about 30 minutes on a SGI Octane using a single 400 MHz processor. The new model took 245 
minutes. We compare the results in Fig. 2. The new model propagation is only 2.5% slower on 
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the main diagonal than in the x-direction at the same radius, but it builds up to the CJ velocity. 
The extra delay seen in Fig.2 is apparently a start-up problem. The initially pressurized 
volume has 4-zones in the x-direction but only 2 on the main diagonal. 

Time, ps 

Figure 2. Pressure histories at radius about 8 cm at the point (7.93,0,0) (solid), (5.667,5.667,0) 
(dash-dot) and (4.6,4.6,4.6) (dot) for program burn (thick) and the new model (thin). Arrival 
times were shifted to the radius 7.93 cm by using the nominal detonation velocity. 

We can measure the speed of the detonation wave by calculating the arrival time at 
computational gauges along the x-axis and on the main diagonal. The results are shown in 
Figure 3. 
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Distance, cm 

Figure 3. Detonation velocity along the x-axis (solid) and on the main diagonal (dash) for 
program burn (thick) and the new model (thinhNomina1 CJ detonation velocity is 0.847 
cmips. 

The second test calculation examines the behavior of the detonation in the proximity of a free 
surface. By calculating in plane strain, we can examine the response of the model to a simple 
rarefaction. In the calculations, the 2-dimensional strip is 4 cm wide by 10 cm long. An initial 
thckness of 4 cm by 0.5 cm long is volume burned. This serves as a source for the new model, 
and was also included in the program burn model for consistency. Pressure histories along the 
centerline are shown in Fig. 4. Pressure contours and the mesh are shown in Figures 5 and 6. 
The new model shows curvature of the front that is not shown in the program burn model. 
The curvature is associated with incomplete reaction at the free surface. Other testing confirms 
that this is limited to one or two zones, independently of the zone size, so long as the 
parameter value is appropriately changed for the second zone size. In addition we note that 
the two models show complementary response in the build-up region. The new model reaches 
a high shock pressure quickly, although the shock speed builds up more gradually. The 
program burn model reaches the proper speed quickly, but builds up to peak pressure more 
gradually. 
We show the results for geometrically scaled one-dimensional calculations in Figs. 7 and 8. The 
behavior is the desired behavior 
We also show a plane-strain detonation with a shadow. The explosive (red) is initiated at the 
top left with an initial velocity equal to the CJ particle velocity (0.217 cm/ps) and is supported 
by a steel frame (Fig. 9). Contours of pressure at 8 ps are shown in Fig. 10 using program burn 
with the Lund algorithm and 5 detonators at the plane x = 0. The calculation with the new 
model at 9 ps is shown in Fig. 11. Although the new model is later in arriving, it is at higher 
pressure than the program burn model. With 0.05 cm zones, (Fig.11) the delay is about 1 ps. 
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We confirmed that a calculation using 0.025 cm zones exhibits half the delay time. For both 
calculations the delay time corresponds to a characteristic number of zones (Dz/Ax=13) in 
which the detonation builds up to full speed. That characteristic number depends on the 
initiation geometry. 

Summary 
We have developed a model suited to describing explosives in circumstances where the 
nominal zone size is larger that the reaction zone. The model is based on the existing ignition 
and growth models, and is implemented in ALE 3D as a chemical model that uses the ignition 
rate form. The behavior scales with zone size appropriately. In comparison with program 
burn, it does not require special coding to detonate around corners, and it can be used with 
any equation of state form for the reactant and for the product. The pressure waveform has a 
hint of a spike, so that the peak pressure is somewhat above CJ pressure very close to the 
initiation site. However, the rise to steady state results in a slow initial detonation speed, so 
that the arrival time is delayed relative to program burn. Since the run to steady state is 
expressed in number of zones, the delay is smaller with smaller zones. 

6 8 10 12 

Time, ps 

Figure 4. Pressure histories at x-coordinates 1,3, and 5 cm on the centerline 
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Figure 5. New model at 9 ps. Original strip is 4 by 10 cm, Contour levels of pressure are 0.08 
(0.08) 0.4 Mbar. 
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Figure 6. Program burn simulation at 6 ps. Original strip is 4 by 10 cm. Contour levels of 
pressure are 0.08 (0.08) 0.4 Mbar. 
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Time, ps 

Figure 7. Pressure history at zones 10 (10) 60 for one-dimensional detonation in 10 cm long 
slab, Ax = 0.1333 cm, rpx=50 

0.5 I I I 

0.2 0.4 , 0.8 1 .o 1.2 

Time, ps 
Figure 8. Pressure history at zones 10 (10) 60 for one-dimensional detonation in 1 cm long 
slab, Ax = 0.01333, rpx=500 
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Figure 9. Explosive detonation with a shadow. Explosive is initiated at top left. The 
explosive wraps around the steel support. In this calculation, Ax is approximately 0.05. 
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Figure 10. Program bum (Lund algorithm) at 8 hs. Contours of pressure are 0.05 (0.05) 0.4 
Mbar. Peak pressure is 0.26 Mbar. 
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Figure 11. New model result at 9 p s .  Contours of pressure are 0.05 (0.05) 0.4 Mbar. Peak 
pressure is 0.33 Mbar. The parameter rpx is 130. 
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Appendix 1. Model Parameters for LX04 
The model is implemented in ALE 3D as a compression ignition reaction in the CHEMISTRY 
section. For 1-mm zones, the following input fragment gives the parameter values 

reaction 
name ignit 
rxnclass hydro 
reactype cp 
rpx 65 
cpx 2.0 
ccx 0.0 
pex 0.0 
mlx 0.0 
rhopow 0.99 
species lx04a -1. 0.01 

lx04d 1. 0 

For other zone sizes, the value of rpx should be divided by the zone size in mm. 
As a chemical material, equations of state need to be included for both the reactant and the 
product. In trials of this model, we have used both a JWL form and LEOS tables for the 
product. Nominal CJ state for LX 04 is pressure 0.34 Mbar, detonation speed 0.847 cm/ps. At 
the present writing, tables constructed with CHEETAH 3.0 result in CJ adiabats that have 8 YO 
too much energy relative to cylinder tests, and detonation speed that is 8.49 km/s, although 
the calculated CJ pressure is 0.418 Mbar. Tables constructed with CHEQ have 9% too much 
energy relative to cylinder tests, but with CJ pressure .33 Mbar, and detonation speed 8.3 
km/s. Work is in progress to improve the CHEQ results relative to experiment, including 
improvements to the potential for HF and to the role of hydrogen bonding. The most recent 
results give detonation speed 0.84 cm/ps, CJ pressure 0.31, and the energy of the cylinder test 
between 0 and 3% larger than reported. We will be constructing a new LEOS table with the 
new CHEQ values. The advantage to using an LEOS table would be improved accuracy to 
doubly shocked products, but should only be considered provided that the table can be made 
accurately enough for the CJ state. 
The following input file fragment gives the JWL parameters 

............................ 
# # #  
# # #  1x04 j w l  
# # #  reference ML Wilkins, "Computer simulations 
# # #  of Dynamic Phenomena," 
# # #  Springer, Berlin, 1999, p80 
# # #  
Material lx04d 
matinput rho 1.865 pmin - . 0 2  
v0 1. e0 -095 
go 0. 
eosvmin .1 eosvmax 1000.0 
koinput iform 1 is01 0 
coef 8.364 0.1298 4.62 1.25 0.42 

The CJ state for this JWL is 0.34 Mbar, 8.47 km/s. 
The reactant equation of state is constructed by a mixture rule for an appropriate mixture 

of HMX and Viton. The method is described in UCRL-JC-126586. The fragment of the input file 
that describes the reactant as a polynomial is shown below 
# #  ALE3D input file for lx04a 
# #  created Tue Dec 11 16:46:39 2001 

Page 15 



# #  fit to maximum pressure 0.334 Mbar 
# #  
MATERIAL lx04a 
matinput rho 1.865 pmin -0.030 
PO 1.0000E-06 tO 293.0 
vo 1.0 e0 0.0000E+00 
cvav 1.8728E-05 
eosvmin 0.3 eosvmax 2.0 
koinput iform 2 is01 1 
coef 0. 0.1082 0.0814 0.6008 1.1000 0.5000 0.0000 
ayz 24.838 
cmu 0.000 y 0.0000E+00 

au 0.0000 bu 1.1905E-03 
begr 0.6 endr 2.0 
ecO -0.00548730 ecl -0.00537200 ec2 0.04784030 
ec3 0.01508290 ec4 0.04695090 ec5 -0.01923330 

em0 0.01023881 em1 0.00931075 em2 0.04263149 
em3 0.01714193 em4 0.04651016 em5 -0.01950064 

Yb 0.000 yc 0.000 ywhmx 0.000 

# #  

therminput tmtype 1 tref 293. eref 0. cv 1.0042E-05 condl 4.47688e- 
14 

END # #  of material 1xO4a 
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Appendix 2. Input filefor 10 cm cube 
. . . . . . . . . . . . . . . . . . . . .  
# 
# # #  
# 
. . . . . . . . . . . . . . . . . . . . .  

CONTROL 

p-cut 1.e-10 
e-cut 1.e-15 
u-cut 1.e-10 
strsscut 1.e-10 
planetol 1.e-6 
dtmin 2.e-12 
dtmax l.e4 
dtinit 0.001 

END # control 

HYDRO 

efrmtp 1 
efrmtptol 4.e-6 
courant -667 
presseq -3 

END 

BOUNDARY 
nodeset left xplane 0. 0.001 
nodeset right xplane 10. 0.001 
nodeset bot yplane 0. 0.001 
nodeset top yplane 10. 0.001 
nodeset fore zplane 0. 0.001 
nodeset aft zplane 10. 0.001 

constrain left x 
constrain right x 
constrain bot y 
constrain top y 
constrain fore z 
constrain aft z 

END # boundary 

OUTPUT 
plotvar add tkelv 
nodesetplot left 0.0 
dumptime 6. 100. 
write-abort-dump 1 
plottime 3. 100. 
stoptime 12. 
derivedvar rho density 

timehist p 10 20 30 40  50 60 70 

timehist p 60 3193 193835 

# #  derivedvar sigl prinstress int 

# #  timehist rho 10 20 30 40 50 60 70 
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timehist p 51310 108320 165330 222340 279350 336360 393370 
timehist-gather cubelc.pam 

END # output 

. . . . . . . . . . . . . . . . . . . . .  
# 
# MATERIALS input 
# 
. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . .  
# #  
# #  MATERIAL input LX 04 cm - g - microsec 
# #  
# #  
# #  ko input based on high-pressure eos for hmx 
# #  mixed with polynomial fit for viton 
# #  
# #  
# #  note container material gets initial condition, 
# #  species get reference condition 
# #  
. . . . . . . . . . . . . . . . . . . . . . . .  

MATERIAL lx04mixa 1 
matinput rho 1.865 pmin -.02 
PO 1.e-6 tO 293. 
v0 1. e0 0. 
cvav 1.873e-5 # 0.24 cal/g/K 
czero 1.4 qfb 0.3 crq .1 
eosvmin -2 eosvmax 1000. 

timehist mf/lx04a 10 20 30 40 50 60 70 
timehist mf/lx04d 10 20 30 40 50 60 70 

# #  advinput advmat 1 advtmat 0.0 rlxwmat 1 rlxumat 1.e-5 
composition complist lx04a lx04d to1 1.e-5 
compose lx04a 1.0 

END # mat 3 lx04mixa 

# #  ALE3D input file for lx04a 
# #  created Tue Dec 11 16:46:39 2001 
# #  fit to maximum pressure 0.334 Mbar 
# #  
MATERIAL lx04a 
matinput rho 1.865 pmin - 0 . 0 3 0  
PO 1.0000E-06 tO 293.0 
vo 1.0 e0 0.0000E+00 
cvav 1.8728E-05 
czero 1.4 qfb 0.30 crq 0.1 
eosvmin 0.2 eosvmax 2.0 
koinput iform 2 is01 1 
coef 0. 0.1082 0.0814 0.6008 1.1000 0.5000 0.0000 
ayz 24.838 
cmu 0.000 y 0.0000E+00 

au 0.0000 bu 1.1905E-03 
begr 0.6 endr 2.0 
ecO -0.00548730 ecl -0.00537200 ec2 0.04784030 
ec3 0.01508290 ec4 0.04695090 ec5 -0.01923330 

Yb 0.000 yc 0.000 ywhmx 0.000 

# #  
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em0 0.01023881 em1 0.00931075 em2 0.04263149 
em3 0.01714193 em4 0.04651016 em5 -0.01950064 

therminput tmtype 1 tref 293. eref 0. cv 1.0042E-05 condl 4.47688e- 
14 
END # #  of material lx04a 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
# # #  
# # #  1x04 jwl 
# # #  ref. Wilkins, "Computer Simulation of Dynamic Phenomena" 
# # #  Springer, Berlin, 1999, p80 
# # #  
# # #  
Material lx04d 
matinput rho 1.865 pmin -.02 
v0 1. e0 .095 
qo 0. 
cvav 1.7e-5 
czero 1.4 qfb -30 crq .1 
eosvmin .1 eosvmax 1000.0 
koinput iform 1 is01 0 
coef 8.364 0.1298 4.62 1.25 0.42 

END # material lx04d 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
# # #  
# # #  1x04 j w l  
# # #  ref. Wilkins, "Computer Simulation of Dynamic Phenomena" 
# # #  Springer, Berlin, 1999, p80 
# # #  
# # #  
Material 1x04 2 
matinput rho 1.865 pmin -.02 
v0 1. e0 .095 
qo 0. 
cvav 1.7e-5 
czero 1.4 qfb .30 crq .1 
eosvmin .1 eosvmax 1000.0 
koinput iform 1 is01 0 
coef 8.364 0.1298 4.62 1.25 0.42 

END # material 1x04 

CHEMISTRY 
rrx 1.987 
errx .0001 
alphac 0.5 
alphact 0.5 

# #  
# #  
# #  make number of iterations odd 

iterx 41 
delrxn 0.01 

reacl is t 
reaction 
name ignit 
rxnclass hydro 
reactype cp 

Page19 



rpx 5 0  
cpx 2 . 0  
ccx 0 . 0  
pex 0 . 0  
mlx 0 . 0  
rhopow 0 . 9 9  
species lx04a -1. 0 . 0 1  

1x04~3 1. 0 

END # chemistry 

SHAPE 
shap 1 2 
sphr 1 0 . 5  0 0 0 

END 

MESH 
block 1 7 5  7 5  7 5  0 0 0 1 0 .  10. 10. 

END 
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